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ments of 15 N nuclei (11) and more recently also of carbonyl 13 C nuclei (12). Because of the rigidity of the peptide plane the combined use of all these parameters helps one to derive a more realistic picture of peptide-plane motions in terms The potential of nuclear spin cross-correlated relaxation of locally isotropic or anisotropic reorientational fluctuations as a source of structural and dynamic information in biomol- (13) . It is shown here that dipole-CSA cross-correlated ecules, complementing the standard T 1 , T 2 , NOE relaxation relaxation rate constants provide additional independent inparameters, was recognized some time ago (1-5). In particformation toward this goal. ular, magnetic dipole-dipole and dipole-CSA (chemical The proposed ZQ/DQ HNCO(H) experiment is depicted shielding anisotropy) cross-correlation parameters provide in Fig. 1 with the central building block CT as a constantinformation about dihedral angles, CSA tensors, and anisotime period of length T. At the beginning of this block tropic intramolecular and overall tumbling motion. However, transverse two-spin 15 N, 13 C terms C x N x , C x N y are present in the past quantitative determination of cross-correlation in the spin-density operator that can be decomposed into ZQ rate constants required a large experimental effort and often coherences C / N 0 , C 0 N / and DQ coherences C / N / , C 0 N 0 . accurate knowledge of scalar J-coupling constants, which They experience during the time T auto-and cross-correlated did not stimulate widespread applications. Recently, new relaxation together with chemical shift and scalar J-coupling experiments were proposed, which are conceptually related evolution. The ZQ/DQ HNCO(H) experiment of Fig. 1 is to experiments for scalar J-coupling determination, allowing a 2D experiment, but the CT building block can easily be efficient measurements of heteronuclear cross-correlated reincorporated into experiments of higher dimensions. The laxation rate constants in biomolecules (6, 7). sum G of cross-correlation rate constants is obtained in a Here we present a general scheme for measuring crossstraightforward manner from the intensity ratio of the peak correlation-induced cross-relaxation effects in three-spin doublet components along v 1 using G Å (2T ) 01 ln{I 2 (T )/ systems by using ZQ/DQ (zero-quantum/double-quantum) I 1 (T )}. NMR experiments. ZQ/DQ experiments were previously apThis and other relationships are derived in the following plied for protein resonance assignment (8, 9), for J-coupling by considering the weakly coupled three-spin 1 2 system 1 H N measurements (10), and for measuring dipole-dipole cross-15 N 13 C spins of the peptide plane with the static Hamiltocorrelated relaxation (7). We show here that this class of nian H 0 experiments can also be used for the quantitative extraction of various dipole-CSA cross-correlation rate constants in- C-labeled proteins. Cross-correlated relaxation is monitored during the constant delay T, highlighted in the pulse sequence. 15 N quadrature detection along t 1 is achieved by incrementing f 1 according to the TPPI-States method. Two peak doublets are obtained per residue at the positions
Alternatively, f 2 can be incremented for C quadrature detection resulting in a spectrum with the peak doublets at positions
The parameter k can be adjusted in the range 0°k°(e 0 2D)/t max 1 to minimize spectral overlaps. All RF pulses without a phase label are applied along the x axis. Selective water flipback pulses are used with a rectangular shape and a RF-field strength of ÉgB 1 É/(2p) Å 250 Hz. Pulsed field gradients are inserted as indicated for coherence-transfer pathway selection and residual water suppression.
1 H and 15 N composite pulse decoupling is achieved using WALTZ-16 with ÉgB 1 É/(2p) Å 4 and 1 kHz, respectively. The transfer delays D and e are set to D à 1/(4J NH ) and e à 1/(2J NC ). Phase cycling is as follows: 
The coefficient vectors b ZQ and b DQ represent the ZQ and
[8]
G I ,SW denotes a CSA-dipole cross-correlation rate constant and b
with respect to the CSA interaction of spin I and the dipolar interaction between spins S and W. Dipole-dipole cross-glected, leading in the absence of RF pulses to the following simple ZQ evolution: correlated relaxation and cross-correlation effects involving the H N CSA interaction affect neither G ZQ nor G DQ . For W Å I, which applies to G N,NH and G C,CH , b
[9] [13] and for W x I, which applies to G N,CH and G C,NH , An analogous expression is valid for DQ evolution. The experiment of linewidth. As in other CT experiments the linewidth is deter- [10] are not required to be in spatial proximity, G I ,SW was mined by apodization and by the inhomogeneity of the magpreviously termed ''remote cross correlation'' (14) . A dinetic field. Line splitting due to the scalar coupling with C a pole-dipole cross-correlation analogue was described in spins is removed by a selective 180Њ pulse on the C a spins.
Ref. (7).
The intensities of the doublet components (separated by For isotropic overall rotational tumbling with the correlathe scalar couplings J ZQ and J DQ , respectively) decay tion time t c and local fluctuations in the extreme narrowing monoexponentially with T, limit (t int v 0 Ӷ 1), the power spectral density entering Eqs.
[9] and [10] can be expressed in a model-free way ( 15, 16) ,
and the analogous expression applies to I (17), i.e., the off-diagonal elements can be ne-
Thus, the ZQ / DQ experiment yields the sum of ''symmetric'' pairs of CSA -dipole cross-correlated rate constants. G local can be further decomposed by measuring G N,NH or G C,CH from single-quantum experiments ( 6 ) , whereas G remote is more difficult to decompose and is best directly interpreted.
The effect of additional spins on the measured crosscorrelated relaxation rate constants has been estimated by including a H a or a C a spin as a fourth spin in the master equation and by simulating the decay of ZQ / DQ doublets.
FIG. 3.
Experimental cross-correlation rate constants G remote vs G local (see Eqs. [16] and [17] ) of 48 peptide planes of ubiquitin recorded with the pulse sequence of Fig. 1 under the conditions given in Fig. 2 .
The values of G ZQ and G DQ determined from these simulations on the basis of Eqs. [15 ] - [17 ] show that the influence of additional spins can be neglected in good approximation as they almost equally affect the doublet components. Thus, the proposed HNCO ( H ) experiment offers a convenient way to determine the above cross-correlation rate constants without any assumption being made about additional relaxation contributions or unresolved scalar J couplings that in other cross-correlation experiments tend to complicate the interpretation ( 5 ) . These types of crosscorrelation parameters have the advantage over standard T 2 and T 1r parameters that they are independent of slow conformational exchange ( 18 ) provided that the scalar J couplings involved are not modulated ( 16 ) .
The 2D ZQ / DQ HNCO ( H ) experiment of Fig. 1 was applied to human ubiquitin, a small globular protein with an isotropic rotational tumbling correlation time t c Å 4.1 ns at 300 K ( 19, 20 ) . Examples of ZQ and DQ peak doublets along v 1 are shown in Fig. 2 . The cross-correlated relaxation rate constants were extracted by fitting Eq. [15 ] to the peak intensity ratios obtained for different relaxation delays T . All peak intensities follow, within the experimental accuracy, a monoexponential decay as a function of T , which is consistent with the theoretical prediction of Eq. [14 ] . The cross-correlated relaxation effects are exemplified with the two peptide planes con- Using the experiment of Fig. 1 ation rate constants G local and G remote could be measured for assumed, which was found in molecular dynamics simulations often to be the case ( 13 Fig. 3 lie inside the range covered by the simulated cross-correlation parameters of Fig. 4 , despite the fact that the CSA tensors involved may significantly deviate from the standard values ( 22, 23 ) underlying Fig. 4 .
In conclusion, the CT pulse-sequence element of Fig. 1 is well suited to measuring dipole-CSA cross-correlated relaxation via multiple-quantum coherences. Its application is not restricted to the HNCO(H) experiment presented here and it can be inserted into other 2D and 3D heteronuclear transfer experiments to quantitatively measure heteronuclear cross-correlated relaxation processes. A study is currently under way in our group that explores the practical use of these relaxation parameters in combination with standard autorelaxation parameters to characterize local and global 
